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ABSTRACT
We explore how the co-evolution of massive black holes (MBHs) and galaxies is affected by envi-
ronmental effects, addressing in particular MBHs hosted in the central cluster galaxies (we will refer
to these galaxies in general as ‘CCGs’). Recently the sample of MBHs in CCGs with dynamically
measured masses has increased, and it has been suggested that these MBH masses (MBH) deviate
from the expected correlations with velocity dispersion (σ) and mass of the bulge (Mbulge) of the
host galaxy: MBHs in CCGs appear to be ‘over-massive’. This discrepancy is more pronounced when
considering the MBH−σ relation than the MBH−Mbulge one. We show that this behavior stems from
a combination of two natural factors, (i) that CCGs experience more mergers involving spheroidal
galaxies and their MBHs, and (ii) that such mergers are preferentially gas-poor. We use a combina-
tion of analytical and semi-analytical models to investigate the MBH-galaxy co-evolution in different
environments and find that the combination of these two factors is in accordance with the trends
observed in current data-sets.
Subject headings: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation
— black hole physics
1. INTRODUCTION
The discovery of correlations between MBHs and their
hosts (Magorrian et al. 1998; Ferrarese & Merritt 2000;
Gebhardt et al. 2000) has been taken as one of the main
elements in support of a co-evolution between MBHs and
galaxies, that in turn brought to the suggestion that en-
ergy input from an accreting MBHs, as quasar or Ac-
tive Galactic Nucleus (AGN) may regulate star forma-
tion in the host, or create a symbiosis between MBH
and stellar growth. Indeed, theoretically there is rea-
son to expect that energy or momentum driven out-
flows establish correlations that scale as MBH ∝ σ5 and
MBH ∝ σ4 respectively (Silk & Rees 1998; Fabian 1999).
The correlations between MBHs and galaxies, derived
on a sample of about 50-70 MBHs (e.g., Gu¨ltekin et al.
2009; Graham et al. 2011; McConnell & Ma 2012) are
also extrapolated to the whole population, assuming that
each galaxy hosts a MBH consistent with the correlation
and its scatter to derive global properties, such as the
mass density in MBHs today (e.g., Shankar et al. 2004).
These correlations, or deviations from such correlations,
also appear to hold the key to understanding the for-
mation and evolution of the MBH population (Volonteri
2012, and references therein).
Recent measurements of the masses of MBHs in CCGs
(we include in this definition central dominant galax-
ies as well as brightest cluster galaxies) seem to sug-
gest that these MBHs are ‘over-massive’ compared to
expectations from of the MBH −σ relation, but they ap-
pear more consistent, albeit with a large scatter, with
the MBH − LV relation (McConnell et al. 2011, 2012).
McConnell & Ma (2012) and Graham & Scott (2012) fit
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for the MBH − σ correlation finding a steep correlation,
e.g, from MBH ∝ σ4.2 (Gu¨ltekin et al. 2009) to MBH ∝
σ5.5−5.6. The same does not happen for theMBH−Mbulge
relation, that appears to be consistent with being lin-
ear in all cases (although including MBHS in CCGs in-
creases the normalization). There is also tentative ev-
idence for over-massive MBHs in CCGs from compar-
isons with the expectations from the Fundamental Plane
of black hole activity (Hlavacek-Larrondo et al. 2012).
Feedback affecting galaxies in different ways depending
on potential well (Booth & Schaye 2011; Sazonov et al.
2005) and environment, via gas-rich mergers and cooling
flows (Zubovas & King 2012) has been proposed to be
partially responsible for the properties of these MBHs.
We investigate here two guiding ideas related to the
influence of mergers between spheroidal, gas-poor galax-
ies (‘dry’ mergers) and of MBH-MBH mergers to de-
termine the astrophysical drivers of the possibly differ-
ent relationship between MBHs and their hosts in the
case of CCGs. It is well established from the theoretical
point of view that (parabolic) dry mergers consistently
grow a galaxy’s mass, luminosity and radius more than
a galaxy’s velocity dispersion (e.g., Ciotti & van Albada
2001; Nipoti et al. 2003a; Ciotti et al. 2007; Naab et al.
2009; Nipoti et al. 2009; Shankar et al. 2011; Oser et al.
2012; Hilz et al. 2012), especially when a galaxy is
dominant over the general population (Ciotti et al.
2007; Naab et al. 2009). Qualitatively this implies
that eventually the largest galaxies deviate from the
MBH − σ relation. Therefore, if CCGs grew predomi-
nantly through dry mergers (e.g., Ostriker & Tremaine
1975; Hausman & Ostriker 1978), and their MBHs grew
mostly throughMBH-MBHmergers (Malbon et al. 2007;
Yoo et al. 2007) in such dry mergers then the expecta-
tion is that they will be outliers in the MBH − σ re-
lation (see also Boylan-Kolchin et al. 2006; Lauer et al.
2007; Zhang et al. 2012). Support for the influence of
dry mergers in shaping the structural properties of CCGs
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comes from their steeper radius–luminosity relation and
flatter Faber-Jackson relation (e.g., Lauer et al. 2007;
Bernardi et al. 2007; Desroches et al. 2007). Addition-
ally, if MBHs in CCGs experience a significant mass in-
crease because of MBH-MBH mergers with respect to
MBHs in a field environment, the extra boost in mass
may also contribute to explain the properties of MBHs
in CCGs, if gas accretion is responsible for establishing
the relationships in the first place.
We present here models of MBH growth in galaxies
that take into account both the cosmic environment (the
frequency and properties of galaxy and MBH mergers)
as well as the evolution of the structural properties of
galaxies during galaxy mergers, with particular attention
to mergers between gas-poor spheroids.
2. BLACK HOLE GROWTH
We use the latest incarnation of our semi-analytical
models (Volonteri et al. 2012) to provide a simple esti-
mate of the influence of dry mergers on the build-up of
MBHs and their hosts in different environments. We
start from Monte Carlo realizations of the merger hier-
archy of dark matter halos from early times to the present
in a ΛCDM cosmology (WMAP5). The mass resolution
is set to be 10−3 times the mass of the main halo at
z = 0, and it reaches 105M⊙ at z = 20.
We summarize here the main assumptions of the semi-
analytical model. We wish to keep our models as sim-
ple as possible, while making sure that the proper-
ties of the MBHs we study are correctly determined
through the cosmic evolution of their hosts. We do
not explicitly model in detail the complex physics of the
gaseous component of galaxies through cooling, star for-
mation and various feedbacks (see Fanidakis et al. 2011;
Fontanot et al. 2011; Hirschmann et al. 2012; Barausse
2012, and references therein for models that treat in de-
tail semi-analytically the baryonic component of galax-
ies and its link to MBH evolution) even though a simple
scheme taking into account gas dissipation and star for-
mation is implemented as described in Section 3. In par-
ticular, in the present approach we follow the evolution
of the three relevant cosmological components of interest,
namely 1) the dark matter halos, 2) the galaxies (stars
plus gas), and 3) the central MBHs. We briefly describe
how their properties are determined as a function of the
merging events.
In practice, each halo is modeled as an isothermal
sphere of one-dimensional velocity dispersion σvir and
circular velocity vcirc =
√
2σvir. Each halo is also char-
acterized by a virial radius rh and a mass Mh contained
within rh, such that the mean density within the virial
radius is ∆vir ρcrit, where ρcrit is the critical density for
closure at the redshift of collapse and ∆vir is the density
contrast at virialization for the chosen cosmology. When
two halos merge, the new total mass inside the virial
radius is computed as the sum of the two participating
masses, and the new virial radius is determined by re-
quiring that the mean halo density within the new rh is
∆vir times the crititical density at that redshift. There-
fore, the new vcirc and σvir are uniquely determined. As
described in the following, σvir is a fundamental ingredi-
ent in order to determine accretion on MBHs.
Galaxy morphology is related to the merger history,
using a three-parameter model, where spheroid (we
equivalently refer to spheroids and ‘gas-poor’ galax-
ies in the following) formation depends on both the
mass ratio of the two merging halos and their veloc-
ity dispersion, and the timescale over which a spheroid
can re-acquire a disc through cold flows and mergers
with gas-rich galaxies. Koda et al. (2009) show that
the fraction of disc- vs spheroid-dominated galaxies is
well explained if the only merger events that lead to
spheroid formation have mass ratio >0.3 and σvir >
55 km s−1; also, the merger timescale (calculated follow-
ing Boylan-Kolchin et al. 2008) must be less than the
time between the beginning of the merger and today,
z = 0. We assume that spheroids form after a merger
that meets these requirement. In order to include the
effect of gas accretion and cold flows we additionally al-
low gas to re-condense (‘gas-rich’ galaxy) after 5 Gyrs in
galaxies with σvir < 300 km s
−1 where no major mergers
occurred. We not explicitly add an amount of re-accreted
gas, we simply label the galaxy as “gas-rich”. In Section
3 we describe in detail how “bona fide” structural galaxy
properties are determined following a merger and the as-
sociated gas dissipation.
At high redshift we seed dark matter halos with MBHs
created by gas collapse whose mass is linked to the halo
vcirc. Specifically, we adopt here the formation model de-
tailed in Natarajan & Volonteri (2011) based on Toomre
instabilities (Lodato & Natarajan 2006). The subse-
quent evolution of MBHs includes MBH-MBH mergers,
merger-driven gas accretion, stochastic fueling of MBHs
through molecular cloud capture, a basic implementation
of accretion of recycled gas from stellar evolution.
We assume that, when two galaxies hosting MBHs
merge, the MBHs themselves merge within the merger
timescale of the host halos (Dotti et al. 2007, and refer-
ences therein). We also include gravitational recoils us-
ing the formalism described in Campanelli et al. (2007).
Note that in our models MBHs accrete mass whenever it
is available to them. At the time of a MBH-MBH merger
we just sum the masses at that specific time. They may
accrete mass driven by the galaxy merger or through
accretion of gas cloud before the MBH-MBH merger
proper, during (i.e., at the same timestep) or after, i.e.
on the merged MBH (as long as the MBH is not ejected
from the galaxy center). Since our timesteps are typi-
cally short compared to the Salpeter time (∼ 105 − 106
yrs) we can keep track of accretion (including the evolu-
tion of the accretion rate) and mergers self-consistently
rather than simply adding all the accreted mass at one
single timestep.
After a halo merger with mass ratio larger than 3:10, in
which at least one of the two halos is the host of a gas-
rich galaxy, we assume that a merger-driven accretion
episode is triggered. The accretion rate is set at the
Eddington limit until the MBH mass reaches MBH,σ =
5×107 (σvir/200 km s−1)4 M⊙. We therefore assume that
it is the potential well of the host halo that sets the
maximum mass at which the MBH can grow through
high accretion rate accretion. After that, self-regulation
ensues and the MBH feedback unbinds the gas closest
to the MBH, thus reducing its feeding. We model the
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decrease of the accretion rate as:
fEdd(t) =
(
t+ tfEdd
tfEdd
)
−ηL
, (1)
where ηL ≃ 2 and tfEdd ≃ 4.1 × 106(MBH,σ/108M⊙)
yr, and t = 0 (where fEdd = 1) represents the time
when the MBH reaches the threshold for self-regulation
(Hopkins & Hernquist 2006). Since the accretion rate
M˙in(t) = fEdd(t)MBH(t)/tEdd is time-dependent, it is in-
tegrated self-consistently at each timestep to obtain the
growth of the MBH mass until the accretion rate drops
below fEdd ≃ 10−5, at which point we consider the ac-
cretion episode concluded.
In gas-rich galaxies we include also feeding through
molecular clouds (MCs). At each timestep, ∆t, we de-
termine the probability of an accretion event as:
P = ∆t
tMC
≃ 10
−3σvir∆t
Rcl
(2)
where Rcl ≃ 10 pc (Hopkins & Hernquist 2006). We
assume a lognormal distribution for the mass func-
tion of clouds close to galaxy centers (peaked at
log(MMC/M⊙) = 4, with a dispersion of 0.75 based on
the Milky Way case, e.g., Perets et al. 2007). In order to
derive the accretion rate and duration of the accretion
episode caused by the MC, we derive the properties of
the accretion disc created in one of these events (includ-
ing disc size, Rd, mass, Md, accretion rate and duration
of the accretion episode). We assume that the MBH
captures only material passing within the Bondi radius,
RB, and that its specific angular momentum is conserved
(Bottema & Sanders 1986; Wardle & Yusef-Zadeh 2008).
The outer edge of the disc that forms around the MBH
corresponds to the material originally at RB:
Rd = 2λ
2RB = 8.9 pcλ
2 MBH
107M⊙
( σvir
100 km s−1
)
−2
, (3)
where λ is the fraction of angular momentum retained
by gas during circularization. The maximum captured
mass will be contained in a cylinder with radius RB and
length 2×Rcl, the MC diameter. If κ is the ratio of the
mass going into the disc with respect to the whole mass
in the cylinder, then:
Md=κ
RB
Rcl
MMC = 4.7× 104κ
(
MBH
107M⊙
)2
( σvir
100 km s−1
)
−4
M⊙. (4)
We assume that the disc is consumed over its viscous
timescale:
tvisc=
(
R3d
α2vGMd
)1/2
= 3.4× 105 λ
3
αv
MBH
107M⊙( σvir
100 km s−1
)
−3
yr, (5)
so that we can calculate an upper limit to the mean ac-
cretion rate:
M˙max=
Md
tvisc
= 0.13
αvκ
λ3
MBH
107M⊙
Table 1
Mhalo Dry mergers Dry mergers MBH,0/Macc
(M⊙) with MBHs (total)
1015 3.3 (σn=1.8) 3.5 (σn=2.1) 10.9 ± 9.7
1014 1.5 (σn=1.2) 1.6 (σn=1.2) 2.4 ± 1.0
4× 1013 0.4 (σn=0.6) 0.4 (σn=0.6) 1.9 ± 0.7
2× 1013 0.1 (σn=0.4) 0.2 (σn=0.4) 2.0 ± 0.7
1013 0.1 (σn=0.3) 0.1 (σn=0.3) 1.8 ± 1.8
Note. — Number of mergers (including their 1 − σ
variance) with mass ratio > 0.1 experienced by the cen-
tral galaxy, regardless of its morphology, of a halo that
by z = 0 has the mass listed in Column 1, and growth
channels for its MBH.
( σvir
100 km s−1
)
−1
N23M⊙yr
−1, (6)
where N23 is the column density in the cloud in units
of 1023 cm−2, and αv = 0.1 is the viscosity parameter.
Following Wardle & Yusef-Zadeh (2012) we set λ = 0.3
and κ = 1. If M˙max is less than the Eddington rate
(assuming a radiative efficiency of 10%) we let the MBH
accrete the wholeMd over a time tvisc, otherwise we treat
accretion similarly to the “decline” phase of quasars, as
feedback from the high luminosity produced by accreting
the cloud will limit the amount of material the MBH can
effectively swallow.
In gas-poor galaxies, feeding of a MBH can be sus-
tained by the recycled gas (primarily from red giant
winds and planetary nebulae) of the evolving stellar pop-
ulation (e.g., Ciotti & Ostriker 1997; Novak et al. 2012).
The geometrical model by Volonteri et al. (2011a) im-
plies that the quiescent level of accretion onto a central
MBH due to recycled gas is fEdd ≃ 10−5.
Through this model we can disentangle what the main
contributions to the growth of MBHs and galaxies in dif-
ferent halos is. As regards galaxies, in Table 1 we list
the number of dry mergers experienced over its lifetime
by the central galaxy of a halo, as a function of the halo
mass at z = 0 (the average is performed over 20 to 35
different halos for each halo mass). We can consider the
1015M⊙ halo as a cluster-sized halo, the 10
14M⊙ halo as
a group-sized halo, and the smaller halos as galaxy-sized
ones. The dry-ness of a galaxy during a merger is de-
termined in a very simple way, i.e. we require that both
merging galaxies are gas-poor. As a reference the total
number of mergers (dry and wet) with mass ratio > 0.1
experienced by the same galaxies since z = 4 is typically
between 8 and 12. As expected, the number of dry merg-
ers decreases as the halo mass decreases, therefore their
influence will be strongest for central galaxies in clus-
ters, and possibly in groups. As highlighted in Column
2, most, but not all, dry mergers involve galaxies both
hosting a MBH.
In Fig. 1 we focus on the MBH growth in six different
realizations of 1015M⊙ halos. For instance, the growth
of the two MBHs in the top panels is strikingly differ-
ent. In one case it is dominated by MBH-MBH mergers
at z < 2, while the second MBH does not experience
any important MBH-MBH merger at late cosmic time.
If we define the relative growth through mergers as the
difference between the MBH mass at z = 0, MBH,0, and
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the cumulative accreted gas mass, Macc, i.e. we sum
all the gas mass that is added to this MBH in all ac-
cretion episodes throughout its lifetime, we can estimate
the importance of MBH-MBH mergers in a MBH’s his-
tory. In Table 1 we report this information in the fourth
column. Note that the definition we adopt does not ac-
count for gas accretion on the MBHs that merge with
the one in the central galaxy. Therefore, the fact that
in general MBH,0/Macc > 1 does not mean that MBHs
grow predominantly through mergers, and in fact if we
ignored all accretion onto MBHs from our models, the
final MBH mass would be about two orders of magni-
tude smaller (cf. gray dotted curves in Fig. 1). Overall,
therefore, MBHs grow through accretion of gas, in a way
consistent with independent estimates (Yu & Tremaine
2002).
To test the robustness of our results we changed the
MBH feeding scheme, by assuming that all MBH accre-
tion activity is driven by galaxy mergers, that the accre-
tion rate is fixed to 30% of the Eddington rate and that
accretion stops once the MBHs have reached the value
of MBH,σ. We find that while small quantitative differ-
ences exist, qualitatively the results of our investigation
are unchanged. We conclude that, if the MBH − σ rela-
tion is established because of accretion-driven feedback
(e.g., Silk & Rees 1998; Fabian 1999), MBHs in CCGs
may not necessarily obey the same theMBH−σ relation,
as their masses may grow substantially through mergers
after accretion dwindles.
3. MERGERS AND GALAXY STRUCTURE
From the evolutionary histories of our models we ex-
tract the series of mergers that the central galaxy of the
main halo experiences from z = 1. We record the MBH
mass in the merging galaxies and the dark matter halo
masses within the virial radius, Mh1 and Mh2, (here on-
wards the subscripts refer to each one of the two galaxies,
with the convention that subscript 1 labels the central
galaxy of the main halo, which is not necessarily the most
massive galaxy of the merging pair). To each halo at the
starting redshift we assign a stellar mass, M∗, using the
fits by Behroozi et al. (2010, see also Nipoti et al. 2012).
If a galaxy is identified as gas-rich we assume that only
75% of the stars are distributed in the spheroidal part.
We then assign a mass-to-light ratio, a projected velocity
dispersion, σ, consistent with the Faber-Jackson relation,
and an effective radius determined through the Funda-
mental Plane (Binney & Tremaine 2008, pages 23-24),
including scatter in all relations. We included a redshift
dependence of the Faber-Jackson and Kormendy rela-
tions, using the scalings suggested by Oser et al. (2012),
namely that σ ∝ (1 + z)0.44 and Re ∝ (1 + z)−1.44 (see
also Nipoti et al. 2012). We then calculate M∗, Re
and σ resulting from the merger as follows (Ciotti et al.
2007). We account for weak homology by relating σ to
the galaxy virial velocity dispersion, σv, and Re to the
galaxy virial radius, rv , as:
σ
σv
≃ 24.31 + 1.91n+ n
2
44.23 + 0.025n+ 0.99n2
; (7)
rv
Re
≃ 250.26 + 7.15n
77.73 + n2
, (8)
Figure 1. Examples of MBH growth in six randomly chosen cen-
tral galaxies of 1015 M⊙ halos. The red solid curve shows the MBH
mass at a given time, the dark green dashed curve shows the cumu-
lative mass gained in accretion events, blue asterisks mark MBH-
MBH mergers with mass ratio > 1 : 10. The dotted grey curve
shows the curves we obtained for the same MBHs when we “turned-
off” all accretion channels, so that the only growth mechanism is
through MBH-MBH mergers (the decrease in MBH masses in such
curves are due to dynamical ejections of MBH, not to evaporation
or mass loss). As an example, the growth of the MBH in the top-
left panel is dominated by MBH-MBH mergers, while that of the
MBH in the top-right panel is dominated by accretion through var-
ious channels (merger driven in gas-rich mergers, through accretion
of gas clouds, and through recycled gas).
adequate for Sersic index n, 2<∼n<∼12. We assume that
the Sersic index of the resulting galaxy is n = 1 +
max(n1, n2), where n1 and n2 are the Sersic indices of the
progenitors (each galaxy starts with n determined invert-
ing the virial identity GM∗/Reσ
2 = (rv/Re) × (σv/σ)2
for given σ and Re).
In case of mergers between gas-rich galaxies or between
a gas-poor and a gas-rich galaxy, we assume that each
gas-rich galaxy has a gas mass Mg = αM∗, with α = 4
for all galaxies independently of their histories and that
a fraction η = 0.05 (Mh2/Mh1) of the gas is converted
into stars:
M∗ =M∗1 +M∗2 + η(Mg1 +Mg2). (9)
We find the velocity dispersion of the newly formed
galaxy4 as:
σ2v =
Mgal1
Mgal
A1σ
2
v1 +
Mgal2
Mgal
A2σ
2
v2, (10)
where Mgal1 =M∗1 +Mg1, Mgal2 =M∗2 +Mg2, Mgal =
Mgal1 +Mgal2, and
A1 = 1 +
ηα1
1 + α1
, (11)
4 The presence of dark matter can be included through an extra
αDM parameter in our scheme (see Ciotti et al. 2007), assuming
that stars and dark matter are similarly distributed. Inclusion of
the dark matter halo represents a small correction as long as we
are interested in the region within the effective radius.
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Figure 2. Velocity dispersion distribution functions at z = 0
(top), and z = 1 (bottom). The model (red solid curve) is com-
pared to distribution functions derived from different surveys (at
z = 0 we show the function derived by Sheth et al. 2003, as well
as the correction introduced by Bezanson et al. 2011 to account
for scatter. At z = 1 we report the range of values from Fig. 3 in
Bezanson et al. 2011).
and a similar expression holds for A2. From the second
merger of the sequence onwards, the central galaxy re-
tains the properties derived in the previous step, while
we assign M∗2, and σv2 to the merging galaxy as de-
scribed above. Throughout our experiment, the MBH
mass is determined from the semi-analytical model, that
includes both accretion and MBH-MBH mergers. We
note that not all galaxies host MBHs, i.e., the merging
galaxy may or may not contribute to the MBH growth.
We present the results of this experiment in Fig. 2
and 3. In Fig. 2 we compare the velocity dispersion distri-
bution function of modeled galaxies to distribution func-
tions at z = 0 and z = 1 (Sheth et al. 2003; Bezanson et
al. 2012), showing an adequate agreement, except for an
underestimate of galaxies with very high σ at z = 1. In
the top two panels of Fig. 3 we focus on MBHs hosted
in the central galaxy of 1015M⊙ halos at z = 0 (akin to
CCGs), while in the bottom panel we include all MBHs
in halos with mass > 1013M⊙ at z = 0. At lower masses
secular processes are likely to dominate over mergers and
our model is less suitable to describe their evolution. We
assessed that the results at z = 0 are qualitatively un-
changed if we ignore the redshift evolution in the Faber-
Jackson and Kormendy relations, with MBHs and galax-
ies occupying the same region in the MBH − σ relation.
CCGs are characterized by MBHs that consistently de-
viate from the expected correlations, being over-massive
at fixed galaxy properties, occupying the same range as
observations. MBHs in elliptical galaxies that are not
CCGs, where the influence of MBH-MBH mergers and
dry mergers is much milder, tend instead to sit closer
to the global MBH-host correlations. This result can be
interpreted as overall steeper and higher normalized re-
Figure 3. Examples of MBH − σ and MBH − Mbulge in 20
randomly chosen central galaxies of 1015 M⊙ (top) and 1013 −
−1015 M⊙ (bottom) halos. The gray errorbars are observed
MBHs and galaxies (McConnell & Ma 2012, in the top panel we
show CCGs only), the solid blue lines are the fits derived by
Gu¨ltekin et al. (2009) and Marconi & Hunt (2003), the dashed
lines are the fits from McConnell & Ma (2012). The red dots show
the location of model MBHs at z = 0. The dark red curves show
two examples from the evolutionary histories: horizontal rightward
swings in theMBH−σ panels occur when the galaxy merges with a
more massive galaxy, vertical (leftward) movement is characteristic
of dry mergers with similar (smaller) galaxies.
lations with respect to previous estimates (compare solid
and dashed black lines in Fig. 2). At z < 1 most CCGs
are the dominant galaxies, and they merge with smaller
galaxies that consistently have σv2 < σv1 and therefore
their velocity dispersion cannot increase (see Eq. 10). On
the other hand a non-CCG galaxy has a higher chance of
merging with a galaxy with σv2 > σv1, with the merger
remnant having σv > σv1 (see the dark red tracks in
Fig. 2 for an example).
We note (see also Nipoti et al. 2012) that this scheme
tends to overproduce stellar masses by z = 0. In fact
the Mstar − Mh relationship peaks at Mh = 1012M⊙,
therefore by merging galaxies close to the peak the rem-
nant galaxy ends up having an increased Mstar − Mh.
While our merger sequence includes both galaxies be-
low, at and above the peak, we find that we consistently
overpredict stellar masses at z = 0 with respect to the
scaling we would obtain directly from the Mstar − Mh
relationship, and that in general bulges appear too mas-
sive (this is evident in the bottom-right panel of Fig. 3).
This problem would be alleviated if we included correc-
tions for mass lost in the merging process (Nipoti et al.
2003a). We also consider parabolic mergers only, where
energy is perfectly conserved. However, not all merg-
ers involving a CCG are necessarily parabolic. On the
one hand, since the galaxies move in the potential of the
cluster, hyperbolic mergers may occur. On the other
hand, Nipoti et al. (2003b) note the effect of dynamical
friction, that braking the galaxy’s orbit may induce ellip-
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tical merging. Hyperbolic and negative-energy mergers
involving a bound pair have competitive effects on the
evolution of σ. Mergers with negative orbital energy in-
crease the final σ, and viceversa. Hilz et al. (2012) also
suggest that energy transfer from bulge to halo grows the
velocity dispersion further.
4. CONCLUSIONS
In this paper we have highlighted the effects that merg-
ers have on the MBH population in CCGs. Two main
factors contribute to their evolution. Firstly, CCGs ex-
perience many more dry mergers with spheroids than
other galaxies. Parabolic dry mergers grow a galaxy’s
mass, luminosity and radius more than a galaxy velocity
dispersion (e.g., Ciotti & van Albada 2001; Nipoti et al.
2003a; Ciotti et al. 2007; Naab et al. 2009; Nipoti et al.
2009; Shankar et al. 2011; Oser et al. 2012; Hilz et al.
2012). If in a given merger MBH and Mbulge increase
relatively more than σ (see the discussion in Ciotti et al.
2007; Ciotti 2009), a sequence of such mergers will lead
to more massive MBHs at fixed σ. In Fig. 2 (left panels)
this corresponds to moving upward more efficiently than
rightward.
Secondly, the sheer number and mass contribution of
MBH-MBH mergers occurring in CCGs galaxies is much
higher than in other galaxies (see Table 1). If we assume
that correlations between MBHs and hosts are estab-
lished because of AGN feedback (e.g., Silk & Rees 1998;
Fabian 1999; Di Matteo et al. 2005; Hopkins et al. 2009),
then if MBH mergers contribute to the MBH growth af-
ter the bulk of quasar/AGN activity has ceased (Fig. 1),
the MBH mass increase brought by these mergers will
then push the MBH upwards and out from the MBH −σ
correlation established through feedback. One impor-
tant caveat, however, is whether MBH binaries can merge
efficiently in gas-poor environments, because of the so-
called ‘final parsec problem’ (e.g., Begelman et al. 1980),
although various effects, such as triaxiality and rotation,
as well as the presence of massive perturbers, may in-
crease the orbital decay rate, see Colpi & Dotti (2011)
for a recent review. The presence of multiple MBHs may
also occur (Haehnelt & Kauffmann 2002; Volonteri et al.
2003; Kulkarni & Loeb 2012)
Our models are at variance with other models that
study the impact of MBH mergers on the establishment
of correlations (e.g., Jahnke & Maccio` 2011) as we do not
assume that MBHs populate all galaxies. In fact, the
presence or absence of a central MBH leads to different
evolutionary paths in the MBH − σ and MBH −Mbulge
relations. We can consider two extreme cases. Let us
assume that all galaxies host a MBH. Then at each
merger M∗ and MBH increase as the sum of those in
the two galaxies, barring for the effects of stellar es-
capers (Nipoti et al. 2003a; Hilz et al. 2012) and non-
linear addition of MBH masses (Ciotti & van Albada
2001; Ciotti et al. 2007). However, Eq. 3 shows that σ
would stay the same or slightly decrease. This corre-
sponds to a vertical upward movement in the MBH − σ
plot, eventually leading to MBHs that are over-massive
for their σ, but are not outliers in theMBH−Mbulge cor-
relation. The other extreme case assumes that only the
main galaxy hosts a MBH. Then at each merger M∗ in-
creases, while MBH and σ do not. Eventually the MBH
in the galaxy that results from the merger sequence will
be under-massive for its bulge mass, but it will not be
an outlier in the MBH − σ relation.
Broadly speaking, the models of MBH evolution that
we adopt for this paper (Volonteri et al. 2012) predict
that the most massive MBHs, except for those hosted
in CCGs, are those that are best correlated with their
hosts (Volonteri & Natarajan 2009) if their build-up is
driven by a combination of accretion and mergers that
includes both gas-rich and gas-poor galaxies, and dis-
persion should increase at low MBH/galaxy masses (see
Fig. 2, top panel in Volonteri et al. 2012), where the
MBH mass, even at z = 0 traces the properties of
the MBH formation mechanism (van Wassenhove et al.
2010). It may well be that if different processes shape
the MBH mass at different galaxy masses (MBH forma-
tion at the lowest masses, AGN feedback at intermediate
masses, MBH and dry mergers at the highest masses),
there is not a unique link that straddles throughout the
whole range.
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